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ABSTRACT 


A wide variety of point- focusing concentrators are under consideration for 
solar thermal energy use. They are reviewed briefly in this paper. These 
concentrators differ in such characteristics as optical configuration, optical 
materials, structure for support of the optical elements and of the receiver, 
mount, foundation, drive, and controls. 

Point- focusing concentrators need good optical efficiency and, especially 
for high-temperature applications, high geometric concentration ratio. Most 
important for the future, however, is low Installed cost and low lifetime 
cost. Critical cost contributors for quantity production are the cost of 
materials and the cost of Installation labor. 

Technology development for concentrators is needed in such areas as 
optical materials, establishment of design wind speeds and wind loads 
(including array interactions), structural configurations, stability of 
structural polymeric and forest-product materials during environmental 
exposure, and cleaning and maintenance of optical surfaces. Especially needed 
is field testing of complete collectors, i.e., concentrators with receivers 
and controls. 
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EXECUTIVE SUMMARY 


Point-focusing solar concentrators (dish concentrators) provide an 
efficient means of gathering solar energy for conversion to high-temperature 
heat. Vhis heat may either be used directly or converted further to 
mechanical work or to electricity. This paper (1) outlines basic elements in 
which concentrator designs differ and the choices possible for each element; 
(2) illustrates these choices with examples which constitute a survey of 
current dish concentrator concepts; (3) summarizes some cost targets for dish 
concentrators and the factors that affect concentrator costs; (4) summarizes 
dish performance characteristics, the factors that affect them, and some 
relationships between performance and cost; and (5) points out technical 
developments needed to attain desired cost and performance. 


CONCENTRATOR DESICMS 

Table 1 (page 8) is a summary of the characteristics of some current U.S. 
dish concentrator concepts; the concentrators are pictured in Figures 1 
through 27 (pages 14 through 40). As the table indicates, concentrators 
differ in optical configuration, optical materials, the structure supporting 
the optical elements themselves, the mount and foundation, drive mechanism, 
controls, and the presence or absence of an enclosure. 

The conventional optical configuration for a dish concentrator is a 
paraboloidal mirror. The paraboloidal shape, however, may be segptented into a 
number of large paraboloidal panels, into smaller spherical facets, or, if the 
facetr are smaller than the desired receiver aperture, into small flat 
facets. Segmented mirrors need not retain the overall paraboloidal shape: If 
properly oriented, the mirror segments may be arranged in a flat or 
cylindrical geometry, forming a Fresnel mirror. Other variations are 
possible, such as thin cylindrical slats. A Fresnel lens may be used instead 
of a mirror. Also, a secondary concentrator may be added to fold the optical 
path or to Increase the concentration. Choice among these configurations is a 
matter not only of optical performance but also of aerodynamic and structural 
performance, lifetime, system maintenance, and especially cost. 

The conventional material is second-surface silver on glass. This 
material is reasonably durable and has good optical performance, but is 
somewhat expensive, heavy, and fragile. Sheet metal is more easily formed 
with double curvature, but its optical properties are poorer and tend to 
degrade quickly when the metal is exposed to the weather. Metallized 
polymeric films are inexpensive and have fair optical properties; their 
durability is still up' ^ain. For Fresnel lens concentrators, polymeric 
materials are an obvious choice, with polymethyl methacrylate the leading 
candidate. 

To support the optical material, there is a large selection of structural 
designs and materials. The optical element need not be rigid; to save weight, 
it can be shaped by tension or by an air pressure differential. 



Dish concentrators require rotation about two axes to follow the sun. 

For rotation in elevation, the mirror or lens is often supported by bearings 
at the end of a diameter. Such elevation bearings ai'e usually nlaced on 
wheeled pedestals which rotate in azimuth on a track. Concrete piers, often 
with a concrete ring, are the foundation. A cheaper approach may be to 
support the mirror with elevation and azimuth bearings near its center, 
mounted on a single post or tripod, which rests on a concrete pier or piers. 
Edge-mounting of the mirror is also possible. 

Drive mechanisms may use electric or hydraulic drives through gears, 
chains, cables, linear actuators, or Jacks. Performance, cost, reliability, 
and maintenance of each remain to be determined. Hydraulic drive may 
facilitate storage of energy for emergency stow or to drive off the sun if 
electrical power falls. 

To point the concentrator at the sun, analog or digital controls, either 
open- or closed-loop, may be used. Most common is tracking using sur sensors, 
together with a stored erhemeris for acquisition and for cloudy intervals. 

In most designs the concentrator is in the open, but it may be enclosed 
in a transparent enclosure to reduce the high structural loads due to wind and 
other effects of weather. The enclosure may be supported on a framewortc or by 
differential air pressure. Whether the advantages of an enclosure compensate 
for the optical loss at the enclosure is a question. 

A survey of current dish concepts (Table 1, Figures 1-27) indicates that 
moat of the alternatives mentioned above are being tried. Emphasis is on 
attaining low lifetime cost in mass-production quantities, together with 
adequate performance at the receiver operating temperature. For electrical 
power, receiver tenperatures of 400 to 900°c (700 to 1700°F) are of 
primary interest, with some consideration of higher teoperatures in the 
future. For process heat, the temperature range is wider. 


CONCENTRATOR COSTS 

System studies indicate that concentrators generally will be the largest 
single coat element in solar thermal systems. Concentrator cost is often 
expressed in $/m^ of concentrator area. In using such figures it is 
important to identify the year to which the dollars refer and whether they 
represent manufacturer's cost, f.o.b. price, installed cost, cost with 
lifetime cleaning and maintenance, etc. 

In mass production, the cost of materials is likely to be the most 
inportant contributor to concentrator price. Thus, there is much incentive to 
minimize weight and to use inexpensive materials. In addition to concentrator 
price, the user must consider transportation, land, site preparation, 
foundation, installation, and architect-engineer costs. Foundation and 
installation work, utilizing field labor, can be especially expensive. After 
installation, there will be costs for cleaning, maintenance, and replacement. 
Over a desired lifetime of 30 years (for some applications) these costs can 
constitute a large fraction of lifetime cost. 
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A target of 100 mills/kW-h (in 198O dollars) has been suggested for 
electricity produced by solar thermal electric systems for the mid-1990's, on 
the bajis of both competition from fuel-fired systems and the solar power 
costs considered attainable with mass production. An examination of system 
costs suggests that an initial installed price of $90-150/m^ (I98O dollars) 
for the concentrators would be consistent with the electricity cost target if 
concentrator performance and lifetime were good. 


CONCENTRATOR PERFORMANCE 

PerformcUice of a solar concentrator may be expressed in terms of three 
quantities: (a) optical efficiency and (b) geometric concentration ratio at 

(c) a given intercept factor. There is a trade-off between optical efficiency 
and geometric concentration ratio, through the intercept factor. Typical 
optical efficiencies are 0.8 to 0.95; typical intercept factors are greater 
tham 0.9; and typical geometric concentration ratios for dish concentrators 
are 100 to 3000. The geometric concentration ratio needed depends upon the 
temperature to be generated. Low geometric concentration ratios may be quite 
satisfactory for low temperature use, but will lead to low system efficiency 
at high temperatures. The temperature needed depends upon the application: 

If mechanical work or electricity is required, high operating temperatures 
will be desirable for efficient conversion of heat to work and electricity, 
and a high geometric concentration ratio, therefore, will be preferred. 

The geometric concentration ratio attainable at a given intercept factor 
depends principally upon the focal ratio, slope errors, specularity, and 
pointing error of the concentrator optical surface. Slope errors of the 
surface (deviations from the ideal shape) have a strong effect upon the 
attainable concentration and may be introduced during design, during 
installation, by manufacturing deviations, by structural or thermal 
deflections, and by distortion due to aging or weathering. 

The efficiency of a solar thermal power system, the cost of the 
electricity or heat produced, and the capital cost of the equipment are 
strongly influenced by concentrator performance. For a given plant output, 
more concentrator area will be needed if the concentrator performance is low. 
Therefore, a reduction in coat per square meter of concentrator area 
accompanied by a significant decrease in concentrator performance may increase 
the required capital investment and the cost of the electricity produced. A 
concentrator needs to have not only low cost per unit area but also 
performance adequate for the application. For some applications, an optical 
efficiency of 0.90 to 0.93 with a geometric concentration ratio of 2000-2500, 
at an intercept factor of 0.98, is suggested as a target. 


TECHNOLOGY DEVEL0P^CNT AND TESTING 

The state-of-the-art is indicated by the concepts shown in Table 1 and 
the illustrations of various concentrators. To obtain concentrators with low 
cost and good performance, effort is needed to develop tnd Improve concentrator 
concepts and designs, manufacturing and installation me;hods, and maintenance 
methods. Also needed are technology development and testing. 
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One area in which development is needed is the conception and analysis of 
optical configurations that may lead to lower cost or better performance, 
taking into account the imperfections that occur in all real concentrators. 
Another Important area is that of optical materials: improvements in mirror 
reflectivity, Increase in durability, and decrease in cost. Examination and 
testing of polymeric materials for mirror substrates and for lenses is 
especially desirable, with attention to optical performance, durability and 
stability, and formabllity of both bulk materials and films. Transparent 
protective coatings are also needed. 

The governing loads on concentrator structures tend to be wind loads. 

Work is needed on selection of the wind conditions to be used for design and 
on the aerodynamics of concentrators. New structural configurations need to 
be examined for lower cost. Dynamic behavior of both new and conventional 
designs under wind loading should be examined. Polymeric materials and forest 
products may offer possibilities for reducing the cost of concentrator 
structures, but testing is needed to determine their dimensional and 
mechanical stability for the long outdoor exposures which concentrators must 
withstand. A different approach is the development of thin enclosures to 
protect concentrators. For this approach, optical and mechanical properties, 
durability, low cost, and ease of fabrication of the enclosure material have 
to be established. 


FIELD TESTING 

Table 1 shows that many dish concentrator concepts exist on paper, but 
few have been built and tested. Construction, field testing, and evaluation 
of concentrators are crucial to further progress. Included in the evaluation 
should be concentrator performance before and after several years' exposure to 
the weather. 
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SECTION I 


INTRODUCTION 


Point-foeual.-’^ solar concentracors (dish concentrators) provide an 
efficient and ‘'jnvenient means of gathering solar energy for conversion to 
high-temperature heat. This heat may either be used directly or converted 
further for mechanical work or to electricity. 

This paper outli es basic design elements of dish concentrators that may 
differ from concentrator to concentrator, indicates some of the choices 
possible for each element, and Illustrates these choices with examples 
selected from current concentrator design concepts. These examples also 
constitute a survey of present-day U.S. dish concentrators showing the 
state-of-the-art. Next, the paper sunmiarizes some cost targets for dish 
concentrators and the factors that determine the costs, dish performance 
characteristics and some factors that affect them, and c.ertain relationrhips 
between cost and performance. Finally, this paper points out some technical 
developments needed to attain desired cost and performance. 




PRECEDING PAGE BLANK NOT FILMED 

SECTION II 

CONCENTRATOR DESIGNS AND DEVELOPMENT 


A wide variety of dish concentrators have been proposed, and a fair 
number have been built. They differ in such characteristics as optical 
configuration, optical material, structure and material supporting the optical 
element, receiver support, mount, foundation, drive, controls, and use of 
enclosure. In this section these characteristics are outlined and discussed 
briefly, with illustrations and examples chosen primarily from concentrators 
being developed under the Solar Thermal Power Systems Project at the Jet 
Propulsion Laboratory, California Institute of Technology. This project is 
part of the overall program of the Solar Thermal Technology Division of the 
U.S. Department of Energy and is sponsored by that division through an 
agreement with the National Aeronautics and Space Administration. 

Earlier work on the project is discussed in References 1 through 6. 
Principal characteristics of the concentrators mentioned in this paper are 
summarized in Table 1. 


A. OPTICAL CONFIGURATIONS 

A point- focusing dish may use the conventional paraboloidal mirror, or 
individual reflecting petals or facets which approximate a paraboloidal 
surface. If a fairly small nixnber of petads or facets are used, so that they 
are not much smaller than the dish itself, they will need to be paraboloidal 
to provide a good geometric concentration ratio (Figs. 1-7). (Concentration 
ratio is discussed below.) If many small facets are used, high concentration 
can be obtained with spherical facets (Figs. 8-11). If the facets are smaller 
than the receiver aperture, good concentration ratios can be obtained with 
flat facets (Figs. 12-13). Other variations au'e possible, such as narrow 
slats: flat in one direction, cylindrically curved in another (Fig. 14). 

The distinction between faceted and Fresnel mirrors is not sharp. With 
properly oriented facets, there is no need to maintain the overall 
pairaboloidal shape. The facets can be placed on a flat support forming the 
classical Fresnel mirror (Figs. 12, 15 and Ref. 41), on a support of flat 
segnents (Fig. 13), on a cylindrical support (Fig. 16), etc. This may have 
structural, aerodynamic, cost, or other advantages. A disadvantage is that 
each facet tends to block the light to or from adjacent facets (Fig. 15) 
unless gaps are left between them. Such gaps reduce the effective aperture of 
the concentrator. 

A concentrator may utilize a lens rather than a mirror. To minimize the 
thickness, optical absorption, and weight, a Fresnel lens is needed (Figs. 17, 
18 and Ref. 42). Lens collectors place the receiver (and power conversion 
equipment located with the receiver) closer to the ground during operation 
than do reflectors; this may be advantageous for maintenance. Also, in a lens 
concentrator, the receiver and its supports do not block the sunlight. The 
performance of some Fresnel lenses is much less sensitive to slope errors than 
that of mirrors. On the other hand, lenses have chromatic aberration. Also, 
lenses are limited to a somewhat longer focal ratio (focal length/ diameter) 
than mirrors; this may lead to longer and heavier receiver supports and to a 
higher mount to provide ground clearance. 
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Summary Characteristics of Some Point-Focusing Concentrators 
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A concentrator need not consist of a single optical element (mirror or 
lens). Second and additional elements can be used, forming a compound 
concentrator. A secondary mirror may be enq>loyed to fold the optical path 
(Fig. 19) . This permits shortening the polntable structure of the 
concentrator, which may save weight and cost. Folding may also permit 
welght'Savlng in the support of the receiver and power conversion subsystem 
and place these subsystems closer to the ground. A secondary (or tertiary) 
mirror or lens may be used to provide additional concentration or to increase 
the intercept factor above that provided by the primary alone (Figs. 20-22). 

A disadvantage of compound concentrators is the loss associated with 
reflection or transmission at the additional optical elements. Reference 44 
discusses compound concentrators in more detail. 

One other optical configuration that should be mentioned is the spherical 
mirror. Because the sun is always on Its optical axis, the mirror need not be 
pointed; instead, the receiver can be moved to match the sun's motion. A 
spherical mirror, however, provides only a poor approximation of a point 
focus, and a spherical bowl is generally cor.sidered to provide a line focus 
along the sunline, rather than a point focus (Fig. 23). 


B. OPTICAL MATERIALS 

The classical optical material for solar concentrators is second-surface 
silver on glass (Figs. 4, 5, 7-12, 14, 23). This is reasonably durable but 
somewhat expensive (especially if the glass is curved), heavier than some 
alternatives, and fragile. Aluminum on glass seems to have no advantage over 
silver for solar concentrators. Its higher reflectcince in the ultraviolet 
does not compensate for its lower reflectance in the infrared, which contains 
much more of the solar energy. Optical absorption by the glass is important 
in second-surface mirrors; therefore, very thin low-iron glass is favored. 

First-surface glass mirrors do not incur optical losses in the glass, but 
exposed front surface of silver or aluminum does not withstand weather 
well. Hence, a protective coating is needed over the reflective layer. 

Metal sheet has the advantage of easy formability to doubly-curved 
shapes. Panels of polished aluminum sheet, generally with an anodized surface 
finish, have been used for dish concentrators (Fig. 1). Careful fabrication 
techniques are needed to attain a good optical contour, and the surface tends 
to lose its specularity and reflectance upon exposure to weather. 

Polymeric films are attractive for mirrors because of their low cost 
(Figs. 2, 3, 6, 13, 16, 24-27). A vapor-deposited aluminum coating is the 
usual reflecting layer (Figs. 2, 3, 6, 24-27). This may be first-surface, 
second-surface, or sandwiched between two polymer layers. A protective 
coating is used over first-surface aluminum, so the distinction between 
first-surface and sandwich is indefinite. Silver-coated polymeric film is not 
commercially produced but is being investigated (Figs. 13 i 16). Polyester is 
the most common polymer (Figs. 3, 6, 13, 24-26); acrylic (Fig. 2) and 
polycarbonate (Fig. 16) are also being tried. Polyester tends to yellow under 
exposure to ultraviolet light. If polyester is outside the aluminum layer or 
otherwise exposed, additives or special grades are needed to reduce 
yellowing. The long-time durability of all polymeric mirrors is open to 
question and is the subject of active work. 
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For lenses, polymers are lighter than glass and much easier to form to 
shape. Polymethyl methacrylate Is a leading candidate (Fig. 18} . There Is 
evidence that, If properly formulated, this acrylic retains adequate 
transmittance during exposure to weather, but It is not known whether its 
surfaces degrade severely. 

Many seccxidary concentrators operate at high temperatures. Aluminum Is 
being tried for a secondary mirror (Fig. 22} . Glass with low thermal 
expansion may be suitable for secondary lenses. 


C. MIRROR/LENS SUPPORT STRUCTURE 

The optical element Itself can be supported in a number of ways. A 
mirror may be placed on a continuous structural backing of metal (Figs. 2, 6, 
13), cellular glass (Figs. 4, 8, 10}, polymeric material (often reinforced; 
Figs. 1, 3, 4, 12, 14}, or wood (Fig. 3). The backing may be monocoque, 
sandwich, stiffened by integral or separate ribs, or supported by trusswork. 
Wires in tension may be used as part of the supporting framework. If a 
structural framework is used, the optical element may be rigid enough to 
support itself between the structural members (Pig. 5}, or it may be flexible, 
held in shape by tension (Fig. 13). Lenses too can be monocoque or supported 
or stretched over a frame (Fig. 18). The monocoque structure, frames, or 
wires may in turn be supported by spars or rings which transmit the loads to 
the elevation bearings and drive. 

Some designs support the reflector or lens by a peripheral structural 
ring; the optical element itself may be rigid or may be flexible, held in 
tension by stretching the element across the ring or by a pressure 
differential across the element. This pressure differential can be maintained 
by pumping air out of the space between the reflector membrane and a closure 
(Figs. 24-27). 


D. RECEIVER SUPPORT 

A structure is also needed to support the receiver and the equipment 
located with it, such as a power conversion subsystem. Various designs use 
tetrapods, tripods, bipods, and monopods. Considerations for design include 
rigidity to hold the receiver accurately in position, blocking and shadowing 
of the light, and distortions of the reflector or lens by gravity and wind 
loads of the receiver and power conversion equipment. The latter 
consideration favors carrying the receiver and power conversion loads directly 
to the elevation bearings and drive (Figs. 9, 12, 14, 23), rather than through 
the mirror/lens support structure. 


E. MOUNT AND FOUNDATION 

Dish solar concentrators most commonly use azimuth-elevation ("az-el") 
mounting. Equatorial mounting is sometimes employed (Figs. 2, 5, 26} but 
£''ems to have little advantage if the control subsystem incorporates sun 
tracking or computer control, as is usually the case. In some faceted 
designs, pointing about one axis is provided by rotating the concentrator and 
pointing about the other axis by rotating individual facets (Figs. 14, 16). 
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Rotation in elevation can be provided by bearings near the center of the 
optical element (Figs. 1, 2 , 4, 6, 7, 9> 10, 25 ), at ends of a diameter (Pigs. 
3, 8, 11, 12, 18, 24, 26, 27) or near an edge (Figs. 5, 16). Many designs 
have used trunnion bearings at the ends of a diameter, but the alternative 
approaches show promise of lower cost through reducing the size and weight of 
the mount. Edge-mounting keeps the concentrator lower to the ground, reducing 
wind loads and simplifying maintenance, with perhaps the disadvantage of 
increasing the exposure of optical surfaces to wind-blown sand and dust. 
Because it is difficult to badance moments with edge-mounting, the loads on 
the drive mechanism are higher, so the mechanism must be larger and may 
require more maintenance. In some mount designs, counterweights are used to 
help balance gravity moments. 

With mounting at end points of a diameter or at an edge, the elevation 
bearings and optical element are usually supported on pedestals provided with 
wheels for azimuth rotation, running on a metal or concrete track, and with a 
center pivot to take aide loads (Figs. 3> 8, 11, 18). Center mounts also may 
use wheels on a track (Fig. 1). The foundation design depends on the soil at 
the site. For most soil conditions, the track is supported by concrete piers 
or a concrete ring, and the pivot by a separate concrete pier. Alternatively, 
a concrete foundation pad may be used. 

With center- or edge-mounting of the elevation portion of the 
concentrator, the elevation bearings may be supported by a tripod or a post 
(Figs. 2, 4-7, 9, 10). The azimuth bearing ia near the top of the tripod or 
near the top or bottom of the post. A yoke mount too may be rotated on a 
single azimuth bearing at its center (Figs. 12, 14, 24, 25). A tripod may use 
piers or a pad for foundation; a post or ground-level bearing may use a single 
pier. Costs of the foundation and mount are very significant contributors to 
the cost of the concentrator; single post and pier construction generally 
appears to be cheapest, at least for concentrators of moderate and small size. 


F. DRIVE 

For driving a concentrator about two axes, a wide variety of gear, chain 
(Figs. 1, 5, 9, 14) and cable (Figs. 3, H, 14, 18, 27) arrangements have been 
proposed, as well as linear actuators and Jacks (Figs. 2, 4, 5, 7-9, 25). The 
source of mechanical motion is generally an electric motor, but occasionally a 
hydraulic device has been considered (Fig. 25) . Using hydraulic drive with a 
pneunatic accumulator simplifies emergency stowing or drive off the sun if 
electrical power fails. 


G. COWTROLS 

Pointing may be pre-programmed and open- loop, using a solar ephemeris 
table or function generator, or may be tracking, through sun sensors amd a 
closed control loop. Concentrators with tracking controls usually utilize an 
ephemeris to point tne concentrator approximately in the sun's direction to 
permit use of sensors with limited field of view and also to maintain 
approximate pointing when a cloud covers the sun. Sometimes past tracking 
data are stored and extrapolated in lieu of an ephemeris (Figs. 8, 10, 14), or 
a clock is used (Figs. 1, 11). Tracking control may be emalog, digital, or 
hybrid; the ephemeris is provided digitally. If multiple dishes are used for 


12 - 



a power system, pointing control may be implemented at the individual dish, 
centrally for the whole system, or partially centrally and partially at the 
dish. For digital control, a micro-processor at the dish or central station 
or a cini-computer at the central station may be used. Dish pointing control 
may be integrated with other portions of the system controls, such as control 
of power conversion and power conditioning subsystems. Sun sensors for 
tracking may sense either the direct incoming sunlight or the focused sunlight 
at the receiver. Sensing the focused sunlight provides automatic nulling of 
errors due to deflections of the receiver relative to the primary optical 
element, but requires sensors, such as thermocouples, that can withstand high 
teaqjeratures, or, alternatively, beam attenuation. Sensors of incoming 
sunlight are usually some type of photoelectric device. 


H. ENaOSURE 

Because wind loads are such an important factor in dish concentrator 
design, there is some advantage in enclosing the concentrator so that it is 
not exposed to wind. A transpar< nt polymer film is an obvious choice for the 
enclosure. Glass could also be used, but would probably lead to a more 
expensive enclosure. Film or glass can be supported by a rigid framework; 
film may be supported instead by an air pressure difference provided by a 
small pump (Fig. 24). The enclosure also protects the optical element from 
blowing sand, hail, rain, ice, and snow. If the incoming air is filtered, 
accumulation of dust on the surface is reduced. The enclosure will also 
reduce incoming ultraviolet light, which contributes very little to the total 
energy collectable and may cause degradation of polymers used in concentrator 
optics. 

On the other hand, there will be significant transmission and reflection 
losses at the enclosure, and there may be a problem in finding a suitable 
polymeric film for its construction. The cost of the enclosure is not 
negligible, and precautions must be taken to assure that the concentrated beam 
does not burn a hole in the enclosure if the concentrator is pointed slightly 
off-sun. Also, the enclosure will be much larger than the primary optical 
element: If washing is necessary to keep optical surfaces clean, the cost of 

washing the large enclosure is likely to be more than the cost of washing a 
smaller unenclosed reflector or lens. 


I. STATE-OF-THE-ART 

Figures 1 through 14, 16, 18, and 24 through 27 illustrate types of dish 
concentrators recently or currently receiving attention in United States, 
mostly under U.S. Department of Energy sponsorship. Only a few have been 
built and tested; others are in various stages of design. Their status is 
indicated in Table 1, together with estimates of their principal technical 
characteristics. Current emphasis is on low lifetime cost in volume 
production with adequate performance at the receiver operating temperature. 

For electrical power production, interest centers around receiver temperatures 
of 400 to 900°C (700 to 1700°F) , with some consideration of higher 
temperatures for the future. For industrial process heat, the temperature 
range is broader. 

As the figures and the table show, a wide variety of concepts are being 
considered. New, innovative concepts continue to be introduced. 


- 13 - 



ORIGINAL PAGE 

BLACK AND WHITE PHOTOGRAf9f 








ORIGINAL PAGE 

BLACK AND WHITE PHOTOGRAPH 


Figure 3o General Electriu Concentrator 
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Figure 6. Boeing Concentrator 
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Figure 12. Sol-Trac Concentrator (Listed In Table 1 under 
designer, Edsel Chromie) 
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Figure 13. University of Arizona Concentrator 
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Figure 15. Sketch of Fresnel Mirror Concentrator (Note blocking of 
light at facet edges. ) 
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Figure 16. Sun Power Fresnel Concentrator 
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Figure 17. Sketch of Fresnel Lens Concentrator 
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Figure 18 . E-Systems Fresnel Concentrator 
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Figure 19. Conpound Concentrator Using Secondary Concentrator to Fold 
Optical Path (Cassegrain Ian Osnfiguration) 
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Figure 20. Coopound Concentrator Using Secondary Concentrator 
to Increase Concentration 
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icondary Concentrator 
>t shown j Ref. 43) 
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Crosbyton Concentrator; Fixed Spherical Bowl (Line focusing 
movable receiver. Listed In Table t under designer, Texas 
Technical University. ) 
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Figure 25. Transolar Ck>ncentrator 








SECTION III 


CONCENTRATOR PERFORMANCE AND COST 


The desirability of low concentrator cost has been mentioned. Low-cost 
concentrators, however, must have performance adequate for the application. 
Therefore, both cost and performance must be considered. 


A . PERFORMANCE 

The performance of a solar concentrator may be expressed in terms of the 
flux distribution (absolute units) in its focal plane. This requires a graph 
or a table. It is often more convenient to express the performance as three 
numbers: (a) the optical efficiency and (b) the geometric concentration ratio 

at (c) a given intercept factor. The optical efficiency is the ratio of the 
solar energy delivered to the receiver to the direct solar energy incident on 
the concentrator aperture. The optical efficiency is equal to the product of 
the reflectance of the mirror (or transmittance of the lens), the shadowing 
and blocking factor due to objects in the optical path, and the intercept 
factor. The intercept factor is the ratio of the energy entering the receiver 
aperture to the concentrated energy reaching the focal plane. The geomet*'ic 
concentration ratio is the ratio of the concentrator aperture area to the 
receiver aperture area. 

There is a trade-off between optical efficiency and geometric concen- 
tration ratio through the intercept factor. For a given concentrator, as the 
receiver aperture is increased, the intercept factor and therefore the optical 
efficiency also will increase. The increase in receiver aperture (decrease in 
geometric concentration ratio) will increase losses from the aperture by 
reradiation and convection. Usually intercept factors of 0.9 or higher are of 
interest; occasionally, lower intercept factors may be optimum. Typical 
optical efficiencies are 0.8 to G.95. Lower optical efficiencies are 
sometimes acceptable; higher efficiencies are always desirable if not too 
costly. 

The geometric concentration ratio needed to provide reasonable performance 
of the collector (concentrator plus receiver) increases with the receiver 
ten^ierature. At high temperatures, where reradiation becomes very important, 
a small receiver aperture (high geometric concentration ratio) is especially 
desirable. As Figure 28a indicates, a concentrator providing a low geometric 
concentration ratio may be quite satisfactory for low temperature use and 
unsuitable (very inefficient) for high temperatures. The need for high 
temperatures, and therefore high geometric concentration ratios, depends upon 
the application. If the solar energy system produces heat for industrial 
processing, the demands of the process will determine the required 
temperature. If the system produces mechanical or electrical power, the 
temperature must be high enough to provide adequate heat engine efficiency. 
Heat engine efficiency increases with increasing engine inlet temperature 
because of the Second Law of Thermodynamics. There is, therefore, a receiver 
temperature at which the system efficiency is a maximum (Fig. 28b). As the 
figure shows, the position of the maximum varies strongly with the geometric 
concentration ratio and also depends upon engine characteristics (Fig. 29). 
Engine selection will greatly influence the choice of receiver temperature 
and, hence, the geometric concentration ratio needed. 
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Figure 28. Effect of Geometric Concentration Ratio and Receiver 
Temperature on Collector and System Efficiency 
(Idealized System) 

a) Collector (concentrator plus receiver) efficiency. 
Insolation (solar flu\) - 800 W/m2 

Focal ratio = 0.6 
Optical efficiency = 1.0 
Cavity receiver 

Absorptivity s emissivity = 1.0 

Receiver loss: only reradiation through aperture 

b) System efficiency. 

Engine inlet temperature = receiver temperature 
Power conversion effectiveness (efficiency as 
fraction of Carnot) = 0.5 
No other losses 
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Figure 29. System Efficiency Versus Receiver Temperature with Engines of 

Differing Characteristics 

Effectiveness (percent of Carnot efficiency) of Brayton 
engines rises with inlet tenperature. 

Effectiveness of Rankine and Stirling engines is 
approximately independent of inlet temperature. 

Insolation (solar flux) = 800 W/m^. 

Focal ratio = 0.6. 

Reflectivity = 0.95. 

Blocking and shadowing factor = 0.967. 

Specularity = 0.5 mrad (lo"). 

Slope error = 2.2 mrad (Icr). 

Geometric concentration ratio optimized at each temperature (receiver aperture 
adjusted) using Aparisi approximation (Refs. 46-48) for flux distribution. 

Cavity receiver. Effective absorptivity = 0.982. Effective emissivity = 0.998. 
Receiver convective + conductive heat transfer coefficient = 7j.6 W/°C • m^ 
of aperture area. Ten^perature drop, receiver to engine = 20°C (36®F). 

Brayton engine efficiencies per Ref. 45; efficiency of alternator + rectifier 
taken s 0.92. A fixed effectiveness may represent the variation of power 
conversion efficiency versus temperature for Rankine and Stirling engines. 

The numerical value of the effeciiveness, however, depends upon the particular 
engine. Power conversion effectiveness s 0.5 is assumed here. Power process- 
ing efficiency = 0.95. 
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The geometric concentration ratio attainable at a given intercept factor 
principally depends upon the focal ratio (focal length/diauneter) , slope 
errors, specularity, and pointing error of the concentrator optical surface. 
With a paraboloidal rc?flector and a cavity receiver, the geometric 
concentration ratio at a fixed intercept factor is highest at a focal ratio of 
0.5 to 0.6; longer and shorter focal ratios lower the concentration ratio. 
Slope errors of the concentrator surface (deviations from the nominal shape) 
have a strong effect upon the attainable concentration: Figure 30 illustrates 

this for point-focusing paraboloids. Slope errors may be introduced during 
design, by manufacturing deviations, during shipping or installation, by 
structural or thermal deflections, and by distortion due to aging or 
weathering. Imperfect specularity has an effect similar to that of slope 
errors, but half as great for the same angular spread of the mirror. Pointing 
errors tend to lower the geometric concentration ratio attainable at a given 
intercept factor by moving the solar image off the receiver aperture; in most 
tracking concentrators they are less limiting than are slope errors. Typical 
geometric concentration ratios for point-focusing solar thermal systems are 
100 to 5000. 


B. COST 

System studies indicate that the cost of concentrators generally will be 
the largest single cost element in solar thermal systems produced in quantity 
and hence will have a major effect upon the cost of the energy produced (Fig. 
31; Ref 49). Therefore, concentrator costs must be considered carefully. 

Many factors affect the cost of a concentrator. In mass production, the 
cost of materials is likely to be most important. Thus, there is much 
incentive to minimize the weight of materials and to use inexpensive 
materials. Tooling, direct and indirect labor, manufacturer’s general and 
administrative expense, marketing and distribution coats, and profit 
contribute to the selling price. The cost of capital, tax provisions, etc., 
have significant effects. The user also must consider transportation, land, 
site preparation, foundation, and installation expenses. Foundation and 
installation work, involving field labor, can be especially expensive and 
needs to be minimized. There may be architect-engineer costs for design and 
supervision of site installation, and costs for construction management. 

Costs of permits and environmental impact statements may be included. After 
installation, there will be costs for cleaning, maintenance, and replacement 
of parts; these can be very significant in determining the lifetime cost. 

There eilso will be operating expenses. 

When only a few concentrators are being produced, the relative 
significance of cost elements will be different than for queuitlty production. 
Design and development costs may have to be amortized, tooling costs may be 
very important, and fabrication labor costs may be high relative to material 
costs. A concentrator design intended for mass production, therefore, will 
probably need to be modified for economical production in limited quantities, 
and vice versa. 

2 

Concentrator costs are often expressed in $/m of aperture area. In 
using such figures, it is Important to identify the year to which the dollars 
refer ~ 1980 dollars are not the same as 1975 dollars — and whether the 
number represents manufacturer's cost, f.o.b. price, installed cost, cost with 
lifetime cleaning and maintenance, etc. further, it is not meaningful to 
coopare concentrators on the basis of |/m^ unless their performance is the 
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Geometric Concentration Ratio Attainable for Pan 
Mirror as a Function of Slope Error and Intercep 

Focal Ratio = 0.6. 

Angular standard deviation of sunlight taken as : 
Slope error is given as standard deviation, with 
included in slope error. No pointing error. 
Aparisi approximation (Refs. ^<6 through ^8) used 
distribution. 
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Figure 31 • Distribution of Capital Costs for Solar Thermal 
Power Plant (Projected) 

System type: dish-Brayton electric. 

Production rate: 25,000 concentrator modules per year. 

Plant size: 5 MWg. 

Based on data in Ref. 1(9. 
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same. It is better to state $/m^ with accompanying values of geometric 
concentration ratio, intercept factor, and optical efficiency, and even better 
to use a cost/performance value such as $/kWt-h or $/MBtu for net thermal 
energy into the receiver. (kWt-h stands for thermal kW-h.) Even this method 
requires that the receiver temperature also be specified, as well as the 
economic assumptions (interest and Inflation rates, etc.). 

A target of less than 100 mills/kWe-h (electrical kW-h) has been suggested 
for electricity produced by solar thermal electric systems for use in the 
mid-1990's, on the basis of both the price needed to meet competition from 
fuel-fired systems and the costs considered possible to attain in mass 
production b y tha t time (Ref. 50). This cost target is a levelized bus bar 
energy cost (BBEC) in I 98 O dollars; the corresponding "re al le velized cost" 
(BBECq) in constant ("real") dollars is 50 mllls/kWe-h. (BBEC assumes that 
costs inflate, but that the electricity produced will be sold or valued at a 
constant mills/kW-h rate despite inflation. BBECq assumes that the 
electricity will be sold or valued at a price which rises with the general 
level of inflation. For further explanation and assumptions used, see 
Reference 51.) 

An examination of solar thermal power system costs suggests that an 
initial Installed price of $90-150/m‘^ (in 1980 dollars) for the 
concentrator would be consistent with the electricity cost target, given the 
following conditions: a concentrator optical efficiency of 0.90 to 0.93, a 

geometric concentration ratio of 2000 to 2500 at an intercept factor of 0.98, 
and a lifetime of 30 years. Figure 32 indicates how the cost of electricity 
produced varies with the optical efficiency and concentrator cost. Figure 33 
shows the effects of geometric concentration ratio on the cost cf electricity 
produced . 
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Figure 32. Effects of Concentrator Coat and Optical Efficiency Upon Cost 

of Electricity Produced (Projected) 

Geometric concentration ratio = 2500 at intercept factor = 0.98. 

Receiver temperature = 912°C (1675°F). 

Power conversion efficiency = 0.3^2 (Brayton er.gine, 
directly-driven alternator). 

Power processir.g efficiency = 0.95. 

Required concentrator area varies inversely with optical 
efficiency. 

Influence coefficient relating electricity cost to 
concentrator cost based on Ref. 49. 
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Figure 33* Effect of Geometric Concentration Ratio Upon Cost of Electricity 

Produced for Various Receiver Temperatures (Projected) 

Concentrator cost = $90/m^. 

Baseline optical efficiency = 0.90. 

Baseline geometric concentration ratio is the geometric concentration 
ratio at receiver temperature of 912°C (1675°F). 

Concentrator sl^^pe error such that baseline geometric concentration 
ratio is obtained at intercept factor of 0.98. 

Receiver aperture adjusted to maximize collector efficiency for 
each temperature and slope error. 

Engine efficiencies per Ref, 45. (Below 650°C, variation with 
temperature per Ref. 52. Brayton engine, directly-driven 
alternator.) Alternator + rectifier efficiency = 0.92. 

Power processing efficiency = 0.95. 

Required concentrator area varies inversely with optical efficiency 
and power conversion efficiency. 

Required size of power conversion subsystem varies inversely with 
power conversion efficiency. 

Plant costs assumed to be otherwise independent of temperature. 

Influence coefficients relating electricity cost to concentrator and 
receiver costs based on Ref. 49. 

Costs in 1930 dollars. 
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SECTION IV 

TECHNOLOGY DEVELOPMENT 


The state-of-the-art is illustrated by the concepts shovm in Table 1 and 
Figures 1 through 27. To obtain concentrators with lower cost and good 
performance, effort is needed in the areas of concentrator concepts and 
designs, manufacturing and installation methods, and maintenance methods. 
Technology development and testing are also desirable. Work in these areas is 
discussed in the following paragraphs, as are the technology requirements 
needed in certain cases to guide this development. 


A. OPTICAL CONFIGURATIONS 

As mentioned above, a number of optical configurations have been 
identified as of possible interest for point-focusing solar concentrators, and 
new configurations continue to be proposed. Some analysis of their optical 
performance has been done, but more is needed. (Some exanq>les for 
non-paraboloids are References 2, 19, 4l, and 53 through 56.) The queintity to 
be calculated is the flux distribution in the focal region, on an absolute 
scale, when the governing characteristics are var’ed parametrically. Slope 
errors and other properties of real optical components must be Included among 
these characteristics. 


B. OPTICAL MATERIALS 

Improvements in the reflectance of solar mirrors provide an equivalent 
percent improvement in the performance and cost-effectiveness of 
concentrators. Durability of the reflecting layer can represent a major 
limitation to concentrator lifetime. Inq>rovements in performance, cost, and 
lifetime, therefore, are needed. 

Glass is the conventional material for the substrate or superstrate of 
mirrors, as well as for lenses. The use of polymeric optical materials for 
mirror superstrates and lenses may reduce concentrator cost. Development of 
polymer films aind sheets with hioh optical performance, high resistance to 
weather, and formability is needed. Transparent polymeric or inorganic 
coatings may provide means of making first-surface mirrors practical for 
concentrators. If this can be done, the possibilities of using reflective 
layers deposited on metal substrates also should be examined. 

Better polymeric edge sealants and polymeric or Inorganic backing materials 
are needed to increase the weather-resistance of second-surface glass mirrors. 


C. WIND LOADS AND AERODYNAMICS 

In most cases, aerodynamic wind loads are the major loads on concentrator 
struct:.res. At present, the basic wind speed for concent. *a tor survival is 
usually specified as 90 or 100 mph at a height of 30 ft or 150 km/h at 10 m. 



The basic wind speed for dish operation usually is specified as 50 km/h (30 oi 
40 nph) at the same height. Other values may be specified for stowing. Since 
the wind loads vary as the square of the speed, the exact choice of wind speed 
is important. The higher cost of a concentrator designed to withstand higher 
wind speeds must be traded against the higher risk of failure or the lower 
availability of power and lower annual energy output if a lower wind speed is 
used for the dish design. This trade-off should consider the wind 
probabilities for various geographic areas amd types of sites where the 
concentrators may be used. Height specification is also a factor: Should 

concentrators be designed to permit use on top of tall buildings where the 
wind speed is higher than near the ground? 

The ANSI standard (Ref. 57) and nationally used building codes cover gust 
loads by applying a multiplication factor to the loads prescribed for constant 
wind velocity. This standard may be inappropriate for dish concentrators 
because they tend to be much less rigid than buildings, and their dynaunic 
response should be taken into account. To calculate this response, one must 
have as input the frequency spectrum of the wind turbulence and its variation 
with direction. Appropriate selection of these values, therefore, is 
necessary. 

Several investigations have shown that for heliostats, enclosure domes, 
and flat photovoltaic panels, wind speeds and loads are significantly reduced 
by using arrays of these devices and by wind breaks (wind fences). Since wind 
loads are critical to dish concentrators, it is advantageous to take advantage 
of such array and fence effects to reduce these loads. A careful examination 
of available data may lead to establishment of less stringent wind load 
requirements when wind fences are used around arrays. 

A limited amount of work has been done on concentrator aerodynamics 
(Ref. 58 ); more work is needed. The shapes of actual concentrators will be 
design-specific and somewhat complex. Valuable information, however, could be 
obtained by examination of simplified concentrator shapes. These should not 
be confined to representations of paraboloidal dishes, but should cover other 
geometries such as Fresnel reflectors and lenses, enclosures, etc. The 
placement of the concentrators with respect to the ground plane and their size 
relative to the boundry layer thickness will be important parametric 
variables. Both computer-aideo analysis and wind tunnel testing appear 
appropriate. 


D. ENVIRONMENTAL REQUIRQ1ENTS - PRECIPITATION, SAND, AND SEISMIC 

The expected amounts of snow, ice, and seismic activity vary widely from 
place to place. Geographic distributions of these quantities should be 
combined with estimates of the likely geographic distribution of 
point-focusing solar concentrators to establish requirements for loads due to 
snow, ice, and seismic activity. A consideration in determining these 
requirements will be the tolerable risk of failure. A similar approach is 
needed for hail, a hazard to optical elements especially. 

Another set of environmental requirements that needs to be better defined 
is that pertaining to wind-blown sand and dust, which can damage or dxrty 
optical surfaces. The appropriate requirements with respect to particle size 
or mass distribution, velocity distribution, and variation with height above 
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the ground are not clear and need to be determined, as well as, perhaps, such 
characteristics as particle shape, composition, and adhesive properties under 
various conditions. 


E. STRUCTURAL CONFIGURATIONS 

New structural configurations for concentrators may lead to significant 
reductions in concentrator costs. Analysis of the performance and costa of 
novel and more conventional types of concentrator structures is desirable. 

Such analysis should consider deflections produced by gravity, wind loads, and 
differential thermal expansion; these deflections will generally degrade 
optical performance. Dynamic effects arise from wind gusts and drive 
mechanisms; these effects may be important in determining structural failure, 
optical performance, and stability and accuracy of the pointing control 
loops. Structural dynamics and their interactions with optics and controls, 
therefore, should be investigated. 


F. STRUCTURAL MATERIALS 

There is interest in the possibility of using polymeric materials and 
forest products (wood and, perhaps, paper) in concentrator structures to 
reduce costs. Dimensional stability and stability of mechanical properties of 
these materials under long-term exposure to weather are not adequately known 
and need to be determined more accurately. 


G. ENCLOSURES 

Enclosures of thin polymeric films offer a way to protect concentrators 
from the weather eind thus alleviate effects of wind, snow, ice, hail, and 
ultraviolet exposure. This could lead to major reductions in caicentrator 
cost if satisfactory enclosures can be developed. Enclosures may be supported 
by air pressure or by structure. Analytical and wind-tunnel data on enclosure 
response to wind loading are available (Ref. 59); field measurements also 
would be useful. Additional analytical and wind tunnel work could be done, 
including effects of interactions between enclosures and between wind fences 
and enclosures. 

A variety of materials properties also need to be evaluated for 
enclosures. These include the following: the cost of the material and of 

enclosure fabrication and deployment; optical quality as affected by intrinsic 
material properties, by film fabrication and enclosure fabrication, and by the 
environment; the strength, toughness, flexibility, and density; the mechanical 
durability; the effects of long-term exposure to weather; the effects of 
elevated temperatures (arising, for example, from concentrated sunlight 
Impinging up<xi the enclosure); and soiling and cleaning. Optical losses to be 
considered include those due to surface geometry, surface reflection, 
absorption, refractive index non-uniformities, bulk and surface scattering, 
and soil absorption and scattering. 
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Important as it is for concentrators generally, cleaning and its 
associated costs (discussed in the next paragraphs) are even more important 
when an enclosure is used, since the surface of the enclosure will be 
considerably lai ger than the optical surface of the concentrator itself. 


H. MAINTENANCE AND CLEANING 

Little work has been done on the development of maintenance techniques for 
point-focusing concentrators. For such components as the drive mechanism, 
experience in other applications is probably adequate. For the optical 
elements, effort to develop maintenance techniques appears worthwhile. 
Accumulation of air-borne particulates and aerosols on the optical surfaces 
causes undesirable absorption and scattering, adversely affecting 
performance. (Operating efficiency losses in excess of 30J have sometimes 
been experienced.) Natural cleaning (e.g., by rain) and thus the net 
accumulation are strongly material-dependent as well as site-dependent. Net 
accumulation is most serious for soft polymers and least serious for glass. 

An understanding of adhesion mechanisms should lead to development of more 
cost-effective cleaning methods. Considerations include mechanical damage to 
the surface by cleaning and possible effects of residual cleaning agents on 
material aging. It also should be possible to develop material systems (bulk 
materials, surface treatments, and coatings) which have reduced tenacity for 
soil or which are self-cleaning. 


I. TECHNOLOGY DEVELCffMENT UNDERWAY 

Work is currently underway on most of the technology mentioned above. 

Some of these efforts are directed primarily toward dish concentrators. Some 
are aimed primarily toward heliostats, parabolic trough (line- focusing) 
concentrators, photovoltaics or other types of equipment. Work in the 
materials area is being undertaken as part of a U.S. Department of Energy plan 
for development of solar energy materials. Much, however, remains to be done 
on almost all of the problems mentioned. 
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SECTION V 


FIELD TESTING 


Most important in the development of point-focusing concentrator 
technology is the field testing and evaluation of complete concentrators. 
Without such testing, development of concentrator technology, concentrator 
designs, and concentrator fabrication techniques will be severely handicapped. 
Preferably, concentrators should be tested with receivers or other focal-point 
equipment instrumented to record their performance. Testa should include 
evaluation of performance before and after exposure to several years of 
weather. Unfortunately, only a few point-focusing concentrators of current 
interest have yet been field tested (Table 1). 
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SECTION VI 


SUMMARY 


A wide variety of point-focusing concentrators have been proposed and are 
in v£u*ious stages of conception, design, and development. They differ in 
optical configuration, in optical materials, in support structure for the 
optical element and the receiver, in mount, foundation, drive, and controls, 
and in the use of enclosures. A number of designs of current interest are 
summarized in Table 1 and illustrated in Figures 1 through 27. 

Concentrator performance may be measured in terms of optical efficiency 
and geometric concentration ratio. Optical efficiency is the product of 
mirror reflectance, the shadowing/blocking factor, and the intercept factor. 
The geometric coriO<“^tration ratio attainable at a given intercept factor 
depends upon the optical slope errors and the specularity of the mirror. The 
geometric concentration ratio needed depends strongly upon the design 
temperature of the receiver, which in turn depends upon the application and on 
the subsystem selected for conversion of thermal to mechanical or electrical 
energy . 

Concentrator costs are important in determining total system costs and the 
cost of energy produced. Material costs and foundation and installation work, 
including field labor, are significant contributors to concentrator costs. 

For some applications, a reasonable target for the installed price of 
concentrators produced in quantity appears to be $90 to 150/m2 (in 1980 
dollars), with an optical efficiency of 0.90 to 0.93, a geometric 
concentration ratio of 2000 to 2500 at an intercept factor of 0.98, and a 
concentrator lifetime of 30 years. 

To permit development of such concentrators, advances are needed in 
concentrator concepts and design, in manufacturing and installation methods, 
and in associated technology. Areas for such technology advancement include 
evaluation of optical performance of various configurations, improvements in 
optical materials for concentrators, establishment of design wind speeds and 
wind loads, utilization of concentrator interactions and wind fences to 
decrease wind loads, establishment of better requirements for exposure to 
precipitation, sand, and seismic environments, evaluation of concentrator 
structural configurations, evaluation of polymeric and forest-product 
structural materials for long-term concentrator use, more data on enclosure 
materials and structures, and improvements in cleaning and maintenance of 
optical surfaces. Field testing and evaluation of complete concentrators are 
critically needed. 
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